ABSTRACT
N-Acetyltransferase 2 (NAT2) is the key enzyme in aromatic amine metabolism. NAT2 genotyping requires a subsequent determination of the haplotype pairs (formerly: alleles) to derive the acetylation status. The chromosomal phase of the single nucleotide polymorphisms (SNPs) is unclear for about 2/3 of the genotypes. We investigated NAT2 genotypes of 1,234 bladder cancer cases and 2,207 controls from Germany, Hungary, Pakistan and Venezuela plus 696 further German cancer cases. We reconstructed NAT2 haplotypes using PHASE v2.1.1. We analysed if the variability of the NAT2 haplotypes affected the haplotype reconstruction. Furthermore, we compared population haplotype frequencies in three Caucasian control cohorts (German, Hungarian, Spanish), in Pakistanis and Venezuelans and the impact on bladder cancer. We conclude that a common haplotype reconstruction is feasible, enhances precision and reliability. Hungarian controls showed the largest intra-ethnic variability whereas the Pakistanis showed a haplotype distribution typical for Caucasians. The main differences could be observed for the slow haplotypes *5B, *6A and *7B. The association of slow NAT2 genotypes with bladder cancer risk was most prominent in the Venezuelan study group.
INTRODUCTION
Human arylamine N-acetyltransferase 2 (NAT2) plays a key role in the metabolism of aromatic amines (1) (2) (3) . Polymorphisms in the NAT2 gene were at first discovered as modifiers of blood and urine levels of antituberculosis drugs, in particular, of the ratio of free biologically active isoniazid compared to its mainly acetylated metabolites (4, 5) .
Since then, numerous studies have analysed the impact of inter-individual variation in the acetylation capacity on drug efficacy and side effects as well as on cancer susceptibility especially focussing on exposure to carcinogenic NAT2 substrates such as aromatic and heterocyclic amines (2, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . The role of NAT2 in cancer development is debated for a number of tumours (for review see 22); with respect to bladder cancer large studies and meta-analyses show an increased risk for slow acetylators, in particular, if they were exposed to aromatic amines or smoking (6, 15, 23, 24) .
Inference of the NAT2 phenotype from the genotype is a non-trivial task as reflected by numerous studies dedicated to this issue (13, 14, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . Commonly a panel of seven single nucleotide polymorphisms (SNPs), in particular G191A (rs1801279), C282T (rs1041983), T341C (rs1801280), C481T (rs1799929), G590A (rs1799930), A803G (rs1208) and G857A (rs1799931), is used to determine slow and rapid NAT2 haplotypes (formerly: alleles) (31, 34, (37) (38) (39) (40) (41) according to the consensus nomenclature (33, (42) (43) (44) , http://www.louisville.edu/medschool/pharmacology/NAT.html).
Besides simple prediction of slow and rapid acetylation capacity the distinct haplotypes of these seven SNPs are discussed with respect to velocity and substrates (23, 25, 29-31, 41, 45-48) . The difficulty in phenotype prediction arises with ambiguity of haplotype assignment as the standard PCR-and RFLP-based methods provide no phase information, i.e. which genetic variants occur together on the same chromosome. Several studies aimed to clarify this situation, however with increasing numbers of studies and, thus, genotypes the decision for the most likely haplotype pair, given the unphased genotype information, might be still difficult for less frequent haplotypes (37) (38) (39) 49) .
In particular, substantial inter-and even intra-ethnic variation of the seven characteristic NAT2 SNPs is well known (23, 34, 50-52) and assumed to result from population-specific selective pressures possibly associated with upcoming agriculture and the resulting change of diet and exposure to xenobiotics (49, 51, (53) (54) (55) so that haplotype inference between populations might be problematic. Sabbagh and Darlu conclude that a violation of the assumed haplotype patterns, e.g. assuming a haplotype distribution typical for Caucasians, may lead to a bias in haplotype designation from unphased genotypes (56) . So, haplotypes could not necessarily be inferred from the literature, especially in non-Caucasian populations due to variations in the linkage disequilibrium patterns, besides further NAT2 polymorphisms only relevant in a particular population, e.g. (49, 55) .
These known population differences prompted us to analyse their impact on haplotype reconstruction and haplotype distributions in healthy controls as well as in bladder cancer cases of different Caucasian and non-Caucasian populations.
In this study, we reconstructed haplotype pairs from 4,337 subjects (Germans, Hungarians, Pakistanis, Venezuelans) evaluating the effect of different haplotype patterns and compared the reconstruction with sequenced NAT2 haplotypes from a Spanish cohort (37) . As inter-and intra-ethnic differences are usually considered in terms of single SNPs instead of haplotypes, we compared population frequencies of the haplotype distribution in three European control cohorts (German, Hungarian, Spanish), in Pakistanis and Venezuelans and evaluated potential differences between German, Hungarian, Pakistani and Venezuelan bladder cancer cases and controls.
MATERIALS AND METHODS

Subjects
Genotypes of 4,337 subjects from Germany (n=3408), Hungary (n=333), Pakistan (n=331) and Venezuela (n=265) were included in the haplotype reconstruction. The German study group comprised 1,212 healthy controls, 140 persons with coxarthrosis or gonarthrosis, 579 persons with a connective tissue disease, 781 urinary bladder cancer cases, 309 head and neck cancer cases, 194 renal cell carcinoma cases and 193 colon cancer cases who had visited the Central Unit Clinical Occupational Medicine of our institute (IfADo) for different purposes or who were members of study cohorts in different hospitals. The Hungarian study group consisted of 61 hospital-based controls and 272 urinary bladder cancer cases, the Pakistani study group encompassed 225 population based and hospital-based controls and 106 urinary bladder cancer cases and the Venezuelan study group comprised 75 hospital-based controls and 190 urinary bladder cancer cases. Thus, we obtained 1,688 controls and 2,649 subjects from the different case groups. German patients with cox-or gonarthrosis or connective tissue diseases (n=719) were used as urinary bladder cancer controls as the genotype distribution showed no deviation from the German healthy controls. The Spanish study group consists of 1,312 healthy controls as described by Agundez et al. (37) . The sample collection was approved by the local Ethics Committee and by the IRB (institutional review board).
NAT2 genotyping
Each subject had donated 10 ml EDTA blood. DNA was extracted out of leukocytes using standard methods (QIAamp DNA Blood Maxikit, Hilden, Germany) and stored at +4°C. NAT2 genotyping was performed using PCR-and RFLP-based standardized methods (41, 57, 58) . A total of seven SNPs, which were adequate to genotype Caucasians for NAT2 (57) , were investigated, namely rs1801279 (G191A), rs1041983 (C282T), rs1801280 (T341C), rs1799929 (C481T), rs1799930 (G590A), rs1208 (A803G) and rs1799931 (G857A). Leukocyte DNA was isolated from a sample of human blood. Amplification of two fragments of DNA with 442 and 559 bp (base pairs) was achieved by means of PCR (polymerase chain reaction). The amplicon from the first PCR was cleaved using three different restriction enzymes, and that of the second PCR with four different restriction enzymes. After subsequent gel electrophoresis with the addition of ethidium bromide, the various DNA fragments were detected in UV light. The results were documented by photography, and the alleles were assigned according to an evaluation scheme (57).
Statistical analysis
The haplotype analysis was performed using the program PHASE v2.1.1 (59) (60) (61) . The approach underlying PHASE is a Bayesian haplotype reconstruction method using coalescent-based models to improve the accuracy of haplotypes for unrelated individuals (62) . We used the default model for recombination rate variation (63) to estimate the individual haplotype pairs, their probability as well as the sample haplotype frequencies and applied the implemented permutation test for differences in haplotype frequencies that takes the uncertainty of the haplotype reconstruction into account. We tested for differences between German, Hungarian, Pakistani and Venezuelan controls as well as for differences between cases and controls separately in each of the bladder cancer case-control series. We performed five independent runs with 1,000 main iterations, 1,000 burn-in iterations and a thinning interval of 1. For the permutation test we started with 100 iterations. We chose the best run showing the maximum consistency across five runs and repeated the analysis with the same settings but increased the permutations to 10,000 for the test. Slow and rapid NAT2 genotypes were deduced according to the consensus NAT2 gene nomenclature assuming *4, *12 and *13 haplotypes as rapid (44). We calculated odds ratios (OR), 95% confidence intervals (95% CI) and P values of the exact Fisher test of differences between bladder cancer cases and controls separately for each study group using the SAS/STAT software, version 9.2 (SAS Institute Inc., Cary, USA).
RESULTS
We reconstructed the haplotype pairs to clarify the chromosomal phase and estimated the sample frequencies to compare the different control groups and to evaluate differences in the modulating effect of NAT2 on bladder cancer in different populations.
Clarifying haplotype ambiguity
First, we clarified the ambiguous genotypes in the maximum data set of 1,688 healthy subjects and 2,649 cancer cases (mainly urothelial bladder cancer) from Germany, Hungary, Pakistan and Venezuela (Table 1) . We discovered 38 different diplotypes, for 22 of them the phase was not clear. Considering the rather frequent genotypes with a frequency of >1% in the controls eight of 12 genotypes could not be determined without phase ambiguity (67%), for 1,096 out of 1,593 controls the haplotype pair remained unclear from PCR/RFLP methods (69%; all controls: 1,151 out of 1,688, 68%). This ambiguity could be clarified completely by haplotype reconstruction with a probability of the reconstructed haplotype pairs of P>0.93. In particular, all but one haplotype pair had a probability of P>0.98, most of them were almost sure (P=1.00).
Comparing the haplotype reconstruction to earlier results, we discovered a single deviation to the haplotype reconstruction and the verification of haplotypes by sequencing in case of the unphased genotype G/G, C/C, C/C, C/T, G/G, A/G, G/G (0021010; *5A/*5C or *5B/*5D). We obtained as the most likely haplotype pair *5A/*5C with P=0.992 (n=3) whereas sequencing yielded *5B/*5D in a Spanish cohort in accordance with the former haplotype reconstruction also with PHASE v2.1.1 and similar models and adjustments (*5A/*5C less probable with P=0.09, *5B/*5D more likely with P=0.91) (37) . Further deviations from this study could not be determined, in particular, those genotypes for which PHASE yielded other results than sequencing in the Spanish study group were not present in the current data.
Investigating ethnic differences in controls
As the German cox-and gonarthrosis patients and persons with a connective tissue disease had the same haplotype distribution as the respective controls (P=0.3500) we used them as additional controls for ethnic differences ( Table 2 ). Comparing these results to the Spanish haplotype distribution further discrepancies became apparent. In particular, the most frequent haplotypes *4, *5B, *6A and *7B showed a considerable inter-and intra-ethnic variability ( Table 2 ). The rapid *4 haplotype was most frequent in Hungarians (28%) and Venezuelans (27%) whereas Germans and Spaniards (both 22%) showed the lowest frequencies. The frequency of *4 in Pakistani controls was similar to the one in Spanish and German controls (24%).
The slow *5B haplotype varied most among Europeans (25% in Hungarians, 43% in Spaniards). *5B was also most frequent in the German (41%) and Pakistani (40%) controls as well as in the Venezuelans though in the latter *5B was clearly less frequent (32%). Similarly the slow *6A haplotype exhibited the most differences between the European study groups (Spain 25%, Germany 29%, Hungary 37%) with the lowest frequencies in Venezuelans (22%). Again, the Pakistani haplotype frequency (28%) was similar to the German one. The slow *7B haplotype was most frequent in Venezuelans (9%) whereas its frequency in Pakistanis (4%), Germans (3%) and Spaniards (1%) was rather low. The Hungarian controls showed again notable deviations from the other Europeans (6%). Remarkably, in the Spanish cohort several of the *14 haplotypes that are rare in Caucasians could be verified. The Venezuelan controls exhibited also a relatively high frequency of the *14B haplotype (0.26%).
Discriminating only between rapid and slow haplotypes yielded a similar high percentage of slow haplotypes that was highest among the German controls and lowest in Venezuelans (Germany 77%, Pakistan 76%, Spain 75%, Hungary 71%, Venezuela 68%). Hence slow acetylators are most common in German controls (60%) and less common in Venezuelans (45%, P=0.0129 all control groups, Table 3 ). The differences between the German, Hungarian, Pakistani and Spanish controls are less relevant (P=0.3550 excluding the Venezuelan controls).
Separate haplotype reconstruction for each study group did not yield different results. In particular, haplotypes sample frequencies varied at most 0.01 percent points, except for the Venezuelan controls that showed deviation of at most 0.2 percent points.
Ethnic differences in haplotype distribution with respect to bladder cancer
Finally, we investigated the impact of NAT2 haplotypes on bladder cancer risk in the German, Hungarian, Pakistani and Venezuelan study groups (Table  4, 5) . Differences between cases and controls could only be confirmed for the Venezuelan study group (P=0.0006) whereas German, Hungarian and Pakistani bladder cancer cases showed no significant alterations in haplotype frequency (Table 4 ). In particular, the Venezuelan controls Table 5 ).
Differences between controls and bladder cancer cases were also present in Hungarians (more frequent in controls: *4, *6A; more frequent in cases: *5B, *5C; P=0.1524) and Pakistanis (more frequent in controls: *5B, *7B; more frequent in cases: *6A; P=0.1591; see Table 4 ) but these deviations were not significant. The frequency of the slow acetylators was not elevated in Pakistani cases (76% vs. 75% slow haplotypes, P=0.8470, OR=0.95, 95% CI=0.64-1.41; slow acetylators P=0.7039) but more slow haplotypes could be found Hungarian cases (71% vs. 78% slow haplotypes, P=0.1241, OR=1.42, 95% CI=0.88-2.25; slow acetylators P=0.2114). The largest study group from Germany showed negligible differences with respect to the rapid *4 (22% vs. 23%) and the slow *5B (41% vs. 39%) and *6A (29% vs. 30%) haplotypes (P=0.2254) and with respect to the frequency of slow haplotypes combined that were present in 77% and 76% of the German controls and cases, respectively (P=0.5218, OR=0.96, 95% CI=0.83-1.10; slow acetylators P=0.8478). Remarkably, the Venezuelan bladder cancer cases showed a much higher frequency of the slow *5B haplotype (46%) and lower *6A frequency (23%) than all other study groups (Hungary and Pakistan ca. 33% each, Germany 39% and 33%) while the frequency of the rapid haplotypes was comparable (22-25%).
DISCUSSION
NAT2 is known to be highly polymorphic in different populations (23, 34, 50, 52). The phase II enzyme is involved in the activation and inactivation, respectively, of many drugs and xenobiotics (1-3, 18, 20, 23, 25, 35, 45) and thus discussed as susceptibility factor for a number of tumours (see 22 for review). Several studies and metaanalyses identified NAT2 as risk factor for urinary bladder (20, (65) (66) (67) and persons occupationally exposed to bladder carcinogens as aromatic amines (9-17, 68-71).
Incidences of urinary bladder cancer vary substantially between different populations due to differences in exogenous and endogenous risk factors. Age-standardised incidence rates vary for the present populations from 2.6/100,000 for Venezuela to 11.6/100,000 for Germany (Hungary: 11.5, Pakistan 3.5) (ASR (W)  incidences  from  IARC GLOBOCAN 2008 http://globocan.iarc.fr). Slow NAT2 status, especially in presence of bladder carcinogens, is a well-known risk factor for urinary bladder cancer that is highly variable between and within ethnicities (50) . Recent studies report at most small to moderate bladder cancer risks for slow acetylators ranging from 1.01 (New England study (6)) to 1.15 (genome-wide study on Caucasians (24)) and 1.40-1.45 (meta-analysis (23) and Spanish bladder cancer study (64) ) if smoking is not taken into account. The present data showed an odds ratio of 1.04 for all study groups combined with an elevated bladder cancer risk for slow acetylators in Venezuelans and Hungarians but not in the German and Pakistani study group. Taking different distributions of gender, age and smoking habits into account would yield more reliable results but a certain variation in bladder cancer risk is likely to remain due to the variation of further exogenous and endogenous risk factors.
Haplotype assignment
Studies on NAT2 impact are hampered by unclear haplotype assignment as unphased genotypes of seven SNPs result in more than one possible haplotype pair if more than one of these seven SNPs is heterozygous. Theoretically, for n heterozygous SNPs there are 2 (n-1) possible haplotype pairs, though in fact some of them are rare or have never been observed. For instance, the NAT2 haplotype pair *5B/*6A results in an unphased genotype with five heterozygous SNPs (*5B: T341C, C481T, A803G; *6A: C282T, G590A) leading to 16 possible haplotype pairs. Moreover, allele frequencies and thus haplotype frequencies and linkage disequilibrium patterns vary across populations (50, 72) so identifying the genotypic phase is not a trivial task and has to be handled with care across populations (56) . The present results suggest that for populations that do not vary extremely in their haplotype structure a common reconstruction is feasible and check-ups within the sub-datasets from the same population can be done with less precision. In particular, we observe that also infrequent unphased genotypes result in the same reconstructed haplotype pairs even if the different populations are considered separately.
However, sequencing data showed that the same unphased genotype may in fact result in different haplotype pairs. This insecurity is reflected partially in the probability of the reconstructed haplotype pairs, so it is highly recommended to consider and record this measure of confidence in the estimate. In general, for haplotype All combined: P=0.5617; OR=1.04; 95% CI=0.90-1.21, using the method of Mantel-Haenszel ambiguity clarification data from different sources, i.e. populations, case-control groups, can be pooled together to obtain a higher precision of the estimates due to a larger sample size and more unambiguous information as long as the haplotype distribution differs not extremely between the populations.
Meanwhile, there are several statistical algorithms and programs available enabling a rapid and accurate haplotype prediction (73-76; for review see 77, 78) though PHASE v2.1 (59, 60) seems to yield consistently excellent results (62, (79) (80) (81) (82) . The use of haplotype reconstruction algorithms has become a standard solution in phase assignment, especially for NAT2 (49, (52) (53) (54) (55) (56) (83) (84) (85) . Furthermore, programs to derive the NAT2 haplotypes from unphased genotypes are publicly available, e.g. (86, 87).
Haplotype distribution
The present case-control series showed clear differences in the haplotype distribution between the study groups. Remarkably, the variability between the control groups was as or even more prominent as the differences between bladder cancer cases and controls. This is in accordance with the findings of most studies including different ethnicities or populations from the same ethnic group. Garcia-Martin, for instance, found in a metaanalysis of the seven most common NAT2 SNPs notable intra-ethnic differences for most SNPs not only in African or Asian study populations but also in Caucasians from the same geographic region (50).
In the Hungarian controls a remarkable low frequency of the *5B (25%) and quite high frequency of *6A (3/%) haplotypes was observed ( Table 2 ) that could not be explained by comparison with geographically nearby populations. Mrozikiewicz et al. (88) found in a Polish study group haplotype frequencies quite similar to Caucasian study groups though also with a lower frequency of *5B (33%) similar to Romanians (34%) (85) -a trend that was not observed in Russians (37%) (89), Czechs (39%) and Greeks (38%) (51) .
Remarkably the study group from Pakistan exhibits a NAT2 haplotype distribution very similar to Caucasian study groups from Western and Central Europe. In fact, Pakistanis belong to those Central and South Asian populations that are considered as Indo-Europeans. Generally, NAT2 haplotypes are highly variable in Central Asian populations (51, 53). Sabbagh et al. conclude that Central and South Asian populations exhibit a haplotype distribution in between Europeans and East Asians with a higher frequency of *7B and a virtually absence of *5B -a trend that could not be confirmed in the present Pakistani group (49).
The Venezuelan study group deviated most with respect to its haplotype distribution with several haplotypes being quite similar to the Spanish cohort, e.g. the occurrence of the rare *14 haplotypes which is debated to be due to an admixture of African descendants in the Spanish population (50) . The occurrence of the rare *14 haplotypes is also common in South American populations due to South-West European, especially Spanish and Portuguese, descendants (49, 72, 90, 91) . Jorge-Nebert et al. (52) found in a study of Amerindians from Panama besides over 60% *4 haplotypes, over 20% *7B haplotypes that are also more frequent in our Venezuelan study group (Table 2) but not in Amerindian and admixed populations from Brazil (72, 92) . This high frequency of *7B haplotypes was also reported by Fuselli et al. (90) generally for American populations with a high intra-ethnic variability and by Sabbagh et al. (49) for Asian and Central American populations. Furthermore, Jorge-Nebert et al.
(52) observe a lower frequency of the slow genotypes than typical for Caucasians (>50%) which is more similar to Asians and other Amerindians (<30%) (51, 52, 90) . The *14 haplotypes were also observed quite often in an admixed Brazilian population, in particular in Brazilians of Caucasian and African descent (72) . Native Latin Americans showed different haplotype distribution patterns resulting in a much higher percentage of rapid acetylators (75%) (90) . Teixeira et al. observed in their two Brazilian study groups considerable differences in the haplotype distribution especially for the *4 haplotype (92) . Their mainly Amerindian/European study group was quite similar to our Venezuelan group besides the more frequent occurrence of the *7B haplotype in our sample. The *6A haplotype -less frequent in the Venezuelan study groupwas almost absent in the Amerindians from Panama (52) but showed a frequency similar to Caucasians in the Brazilian study groups of Teixeira et al. (92) while Talbot et al. (72) reported lower *6B frequencies. Fuselli et al. discussed the occurrence of *6 haplotypes in native Americans to be solely due to an European or African admixture (90) . Thus, the results of the Venezuelan study group which was recruited from the general population with no special focus on native Americans were in accordance with an admixed South-American population with a considerable part of Spanish ancestry.
Haplotype implications
Most studies consider the mutation sites alone. This hampers comparisons of haplotype frequencies, linkage disequilibrium patterns and distributions of slow, intermediate and rapid acetylators. As rapid, reliable and easy-to-handle haplotype reconstruction algorithms are meanwhile standard tools which allow to pool data from different populations -if they are not too distinct and represented by a sufficient number of samples -we strongly recommend their use to provide valuable genetic information.
Reconstructing NAT2 haplotypes circumvents for the main body of the data the insecurity about the acetylation status assignment as only one instead of several haplotype pairs has to be considered. Furthermore, it provides valuable information about the chromosomal phase which may -in addition to the acetylation status as potential risk factor regarded in most epidemiological studies -help to clarify and understand the role of NAT2 in the development of some cancers. In particular, it is wellknown from in vitro assays that NAT2 haplotypes differ in stability, enzymatic activity and substrate affinity (1, 45, 48, 93) . Hence different impacts of the NAT2 haplotypes on the individual susceptibility for some cancers and other diseases via altered metabolic effects are discussed (25, 29, 45, 47) .
For the present study groups conclusions on the haplotype basis are difficult due to sample size limitations. Only the German study group is large enough so that differences in haplotype distributions, e.g. between smoking and non-smoking cases might yield interesting results. Remarkably, the Venezuelan bladder cancer cases showed a clearly elevated frequency of the *5B haplotype that is debated to be extremely slow (48).
Recent advances in NAT2 phenotype prediction: Reducing the genotype to one or two SNPs
Recently, a novel NAT2 tagSNP (rs1495741) has been identified that predicts the seven SNP inferred NAT2 phenotype with high accuracy (24, 64). Garcia-Closas et al. compared rs1495741 genotypes to NAT2 activity measured in lysates of cryopreserved human hepatocytes (64) . They conclude that the novel NAT2 tagSNP predicts with high accuracy the NAT2 phenotype and can be used as a sole marker in populations with European background (64). Selinski et al. confirmed the general good performance of this tagSNP with respect to 3,177 NAT2 and tagSNP genotypes of European, Venezuelan and Pakistani study groups with minor ethnic differences between both genotypic markers predicting the acetylation capacity (94) . Furthermore they found a higher specificity of the NAT2 genotype with respect to in vivo phenotypes of 344 Germans measured by the caffeine test (95, 96) though the sensitivity of the tagSNP was indeed excellent but the latter mispredicted several rapid acetylators as slow. In addition, they suggested alternatively a 2-SNP combination (C282T, T341C; rs1041983, rs1801280) for simple acetylation velocity prediction that yielded almost the same results as the NAT2 genotype. This combination was already suggested in 1995 by Cascorbi et al. and in 2003 by Agundez showing excellent results also for Chinese and Japanese study groups (29, 41, 97) . In the present data set the haplotypes that would be misclassified by the 2-SNP genotype as rapid (*6B: total 0.04%, Spain 2%; *6E: not present; *6F: not present; *7A: not present; *14A: total 0.02%, Spain 0.4%; *14E: Spain 0.04%, *14I: Spain 0.04%; see Table 2 ) or slow (*13A: total 0.3%, Spain 0.3%) are also quite rare.
Comparing these findings to the 28 study groups from different populations and ethnicities from Sabbagh et al. (49) (in total 7,988 haplotypes) yielded 0.7% haplotypes that would be mispredicted as rapid by the 2-SNP genotype and 1.3% of the haplotypes being mispredicted as slow. In particular, the slow and rare *6B was found in some African populations, Spaniards and UK Caucasians, *7A was present in one African and the Korean study group and *14A was observed in the African, Spanish and Nicaraguan study groups whereas the rapid *13A haplotype was quite frequent in the African study groups (about 4-10%) and also found in Europeans and East Asians.
Thus, for minimizing NAT2 genotyping effort the use of the tagSNP rs1495741 (64) or the 2-SNP genotype (C282T, T341C) (94) as phenotype predictors might be reasonable as long as no potential substrate-specific differences between NAT2 haplotypes have to be taken into account or ethnic differences and limited studies demand a careful use. A reduction of genotyping effort would especially be helpful in individualised dosing depending on NAT2 activity, for instance in anti-tuberculosis therapy and in larger epidemiological studies, for instance evaluating individual susceptibility to bladder carcinogens (7, 8, 19 ).
Summary
In brief, haplotype reconstruction yielded consistent results across different populations and study groups enabling the analysis of haplotype frequencies with high reliability. We confirmed intra-ethnic differences within European populations with the Hungarian study group differing most while the Pakistani study group was quite similar to the German and Spanish controls. The main differences between the study groups could be observed for the slow haplotypes *5B that was lowest in Hungarian controls (25% vs. 32-43%), *6A that was highest in Hungarian (37%) and lowest in Venezuelan controls (22%) and *7B that was highest in Venezuelan controls (9%). The rare *14 haplotypes were found in Spaniards and Venezuelans but also in Germans. The supposed effect of slow NAT2 genotypes on bladder cancer could only be confirmed for the Venezuelan study group with a lower frequency of rapid *4 (22% vs. 27%) and a higher frequency of slow *5B (46% vs. 32%) haplotypes in the cases. The not significant results for the three other bladder cancer case-control series are in accordance with current studies and meta-analysis that show small effects of NAT2 if smoking habits and occupational exposure to bladder carcinogens are not taken into account. 47. JA Agundez, JG Menaya, R Tejeda, F Lago, M Chavez, J Benitez: Genetic analysis of the NAT2 and CYP2D6 polymorphisms in white patients with non-insulin-
